INTRODUCTION
The aim of the experiments presented in the following article was to determine the losses in the worm gear for different operating conditions such as torque on the output and the in uence of rotational velocity on the input of transmission. The worm gear is a part of the tram pantograph system analysed in frame of the ESTOMAD project in the context of overall ef ciency of the mechanism. Worm gear is a part of pantograph drive subsystem along with a DC motor and a lead screw. The input torque is provided to the worm by the electric motor, while the worm wheel shaft is connected to the lead screw. The complete drive ensures the up and down motion of pantograph mechanism to connect the tram with electric line. Worm gear was identi ed as an element contributing to the greatest extent of losses in the drive. Losses in transmission are the cause of elevated temperature and signi cant load of the electric motor, which could lead to damage and disable the drive in long term tests. Therefore, a detailed study of mechanism ef ciency was necessary.
M. B , K. D , A. M WORM GEAR ANALYSIS IN TERMS OF NUMERICAL MODELLING
The transmission tests have determined the overall ef ciency level of the device for different values of output torque and input rotational velocity. Additional motivation to conduct this type of experiment was to create a numerical model of the worm gear in order to perform the simulations of this component in 1D environment. In this case it was necessary to determine the level of different types of losses, both in tooth engagement of worm and worm wheel, as well as resulting from the shafts bearing and oil churning and build proper mathematical model of these losses.
LABORATORY TEST OF WORM GEAR
This chapter is devoted to laboratory tests of worm gear. In rst subchapter object of tests, namely gearbox NORD FLEXBLOC SK 1SI63 is presented with its technical data (Flexbloc & Minicase Worm Drivers) . Second subchapter describes test rig that has been used for determination of energetic parameters of investigated object. Another subchapter brie y describes scope of measurements, which have been conducted. Last subchapter presents obtained results along with simple conclusions.
Technical speci cation
The worm gear analysed in frame of the article is a typical transmission consisted of worm and worm wheel. The particular tested gearbox is shown in the Figure 1. A short technical speci cation has been presented in Table 1. Despite the fact that ef ciency value has been provided, it was necessary to determine the actual ef ciency levels for speci c working conditions of variable torque, rotational velocity and lubrication. The analysis of device required thorough knowledge about geometrical parameters describing the engagement between worm and worm wheel. Basic geometrical parameters used for calculations have been summarized in Table 2 . The quantities crucial for further investigation have been calculated based on parameters from Table 2 and presented  in Table 3 . Shaft's bearing, as a component contributing to the overall losses, has been realized with use of standard ball bearing codenamed as shown in Table 4 . Gearbox lubrication is ensured by the oil circulating in the housing in the amount of 180 ml. Parameters of used lubricant are quite important in terms of energy loss. The manufacturer provides a worm gear with Alphasyn GS 220 (CLP PG type) oil with parameters summarized in Table 5 (Datasheet of GS 220 oil). The analysis of losses requires the knowledge about the oil viscosity characteristic in a range of operating temperature. The investigation is presented in the further chapters of the following paper. 
Measurement setup
The entire experimental campaign was performed in an open loop con guration test rig. In such con guration the energy is transferred from the electric motor to the powder brake through the worm gear and the system of couplings. Within the test the following quantities have been acquired: rotational velocity on the input shaft (obtained directly from the VFD controller), torque on the input and output shaft, oil temperature in the worm gear housing. Rotational velocity on the output shaft has been calculated based on the gear ratio. The diagram of the test rig is shown in the Figure 2 . The test rig has been driven with a 4kW three-phase induction motor with rated speed of 2815 rpm, manufactured by TAMEL. The motor has been controlled with LG iS5 frequency converter (inverter). The inverter allows scalar control with U/f linear characteristic and what is more sensor and sensorless vector control of torque or rotational velocity. During the tests, the inverter was working in vector control mode, which ensured the operation with the rotational velocity on the established level. The tested worm gear has been loaded with powder brake with power dissipation of 2 kW, manufactured by EMA-ELFA, type P170HV. The brake ensures the 5% accuracy maintaining the value of torque in the whole range of rotational velocity. The brake's output torque is independent of slip speed and working temperature. MEC-MESIN torque sensors have been installed on the input and output of worm gear. The signals from torque sensors and the rotational velocity have been acquired with SPIDER-8 measurement system manufactured by HOTTINGER. Temperature measurement is based on the resistance temperature detector PT100 installed in the worm gear housing. The resistance of the detector has been measured with METEX multimeter. The connections of all shafts of drive and load systems of test rig have been executed with torsionally exible couplings, ROTEX (KTR) type. The drive from the motor to the gearbox input shaft is transmitted via a toothed belt. In order to decrease the in uence of external conditions the ambient temperature has been as stable as possible during the tests (22°C). The test rig described in the paper has been built specially for this particular worm gear tests. The complete setup, except data acquisition instruments is shown in Figure 3 . 
Test plan
Tests have been performed for various operational conditions in order to provide the essential information concerning ef ciency characteristic of analysed transmission. The test cases have been summarized in Table 6 .
The ef ciency has been determined based on the output to the input power ratio calculated with use of input and output torque and input velocity data.
Along with torque and rotational velocity, the temperature of oil has been acquired during every individual test in order to investigate the in uence of the temperature on the overall ef ciency of tested transmission.
Large number of test con gurations allowed to investigate the in uence of individual parameters on the overall worm gear ef ciency. Tests performed for constant output torque provided information about the impact of the other parameters (rotational velocity, temperature) on the ef ciency value. Analogically, experiment with xed temperature has been done. The results of tests without torque on the output provided the information about the churning losses characteristic, since bearing and tooth engagement losses are extremely small during the non-load test and have been ignored. Therefore, it was possible to prepare relevant experimental model of churning power losses. Additionally, the experiments with standard and decreased oil level have been executed in order to check the impact of lubrication on the overall energetic behaviour of device.
Experimental results
The general view on losses during the work in various operational conditions is presented in Figure 4 as ef ciency characteristics in function of output torque vs. input rotational velocities.
As mentioned in previous chapter, the tests have been performed for various con gurations of operational parameters to obtain good view on losses under different operational conditions. Figure 5 shows the ef ciency characteristic as a function of output torque acquired at 1500 and 2000 rpm. During this particular experiment the oil temperature has been stable and equal to 58°C.
Based on the presented results, it can be stated that overall ef ciency of the device is mainly load dependant. Increased temperature and therefore lower viscosity of oil contributed to ef ciency rise of about 3%. The in uence of rotational velocity on the ef ciency is also minimal.
Aside from measurements done in working conditions, measurements have been also conducted in idle condition. Results are presented in Figure 6 . 
MATHEMATICAL MODEL OF THE ENERGY LOSS
This chapter is devoted to mathematical modelling of worm gear along with model building, correlation and validation process. At the beginning considerations concerning origin of losses are presented. Another three subchapters presents mathematical models for particular type of losses investigated. In case of tooth engagement losses and churning losses, basic formulas are given. As for bearing losses, they are presented with geometrical constrains. Gearbox geometry has been measured and presented in subchapter 3.4. This geometry has been used for determination of forces on particular bearings. Thanks to well established mathematical models of bearings power losses as a function of force it was possible to determine, bearing power losses as a function of input torque and friction coef cient. Last two subchapters considered mathematical model correlation and validation.
Origin of losses
Understanding the origin of losses is very important aspect of ef ciency optimizing process. Having this knowledge one can determine in uence of operating parameters on total losses of the system and indicate most important source of those losses. Losses in worm gear can be divided into three main types: tooth engagement losses, oil churning losses and bearing losses. The overall power loss is equal to the sum of mentioned components. The analysis of mathematical models available in the literature along with experiments performed, results in creation of complete model of overall power loss in the worm gear, ready to be implemented to the 1D simulation environment.
Losses due to tooth engagement
The literature provide relevant model of tooth engagement losses in the transmission (Gopinath and Mayuram). These losses are represented by the equation:
where: L t -tooth engagement power losses [kW] -coefficient of friction between the teeth [-] Z 1 , Z 2 -numbers of teeth on worm and gear [-] W -total power transmitted [kW]
Churning losses
Churning losses model have been built as an empirical model with use of data obtained during zero torque measurements. The model is mainly based on the empirical models from available literature, as there is no well-established mathematical model for churning losses, just general formula has been used, and coef cients have been assumed to be unknown and to be correlated (Stavytskyy et al. 2010) . Proper model of churning losses require the knowledge about the oil viscosity characteristic. Viscosity of oil is temperature dependent and with growing temperature viscosity decreases according to Arrhenius model (Connors 1990) . Kinematic viscosity chaaracteristic can be determined with the following equation:
where:
The values of coef cients 0 and b have been obtained with use of two kinematic viscosity values for xed temperatures presented in previous chapters (Table 5 ). The characteristic of oil viscosity has been plotted and shown in Figure 7 . Please note that Y axis is expressed in logarithmic scale.
For churning losses determination it was assumed that churning losses (L CH ) are non-load-dependent while bearing losses (L B ) and tooth engagement losses (L T ) are load dependent. Therefore, measurement data used in churning losses modelling has been acquired with no load on the output shaft of the worm gear. Basing on the initial assumptions, it can be stated that L B = 0 and L T = 0. As a result, churning loss value is equal to the overall loss. Subsequently, power loss and viscosity values have been calculated with use of measurement data. Finally, the complete empirical model of churning losses as a function of rotational velocity and oil temperature has been built
-linear coefficient -exponential coefficient C -constant -rotational velocity
Loss es due to friction in bearings
Bearing losses consideration required the knowledge about the forces distribution present in every bearing in the worm gear. First step was to analyse the forces acting in the worm and the gear. The forces acting on the worm are distributed as shown in Figure 8 . The forces acting on worm wheel are analogical to the forces on worm. The forces acting in gear's contact point can be transmitted to the forces in bearings (C and D) with use of torque equations about selected axis and through selected points. The schematic drawing shown on Figure 9 shows forces distribution and crucial distances used for equations building.
Analogical approach has been adapted to worm wheel shaft analysis. Similar schematic drawing has been prepared as shown in Figure 10 . Based on the above diagrams, the resultant forces acting in every bearing in worm gear have been obtained as functions of input torque and friction coef cient between worm and worm wheel.
Model correlation
The main goal of correlation process was to establish the values of coef cients and constant present in equation 3 for calculation of churning losses and then friction coefcient for calculation of tooth engagement losses. Since simultaneous correlation is very dif cult, it was decided to conduct entire correlation process in two steps. As it was already mentioned in paragraph 3.3 churning losses are assumed not to be load dependant and therefor the values of coef cients and constant present in equation 3 will be determined in idle conditions. In order to achieve satisfactory results an average of 5 measurement runs with different rotational velocity were taken and the sum of errors between simulation and measurement results was the minimization criteria. Results of rst correlation step are presented in Table 7 .
Total forces acting in every bearing are the input to the mathematical model of power losses. In the analysis presented in this paper, SKF model has been used (SKF Bearing Calculator). Second correlation step concerns tooth engagement and bearing losses as they are coupled by friction coef cient. 
. . . 
Friction coef cient directly in uences the bearing load distribution and therefore in uences bearing losses. Results of second correlation step are presented in Table 8 . Complete correlated numerical model is able to simulate the overall power loss and therefore the ef ciency of analyzed device. The result of simulation of worm gear energetic behavior in 1D environment is shown in Figure 11 as a function of input rotational velocity and output torque.
Model validation
After obtaining a correlated ef ciency map of considered worm gear it is necessary to validate whether the model represents the energetic behaviour of the object precisely enough. Since the correlation process has been conducted using measurement data in idle condition and in some part of operational condition, the validation has been done with the remaining sets of measurement data. Table 9 shows the correspondence between the simulation of correlated model and the measurements results for ef ciency values.
CONCLUSIONS
Experiments conducted on the worm gear provided valuable information on its energetic behaviour. The test data obtained from measurements allowed the determination of losses with respect to different operational conditions (torque, rotational velocity, lubrication). The measurements results have shown that the torque is contributing to the worm gear overall ef ciency in the greatest way. Other operational parameters in uence the losses insigni cantly, however they have been take into account as well. As a result of power losses analysis, it was possible to create a proper model that combines an empirical model based on the performed measurements and a mathematical model based on the considerations contained in the available literature. Model implemented into the AMESim environment has shown a good correspondence between simulated and measured total power loss. Maximum observed error value remained under 7%, therefore worm gear ef ciency model proved to be reliable and ready to be used in energy ow simulations and considerations. Since the in uence of churning losses is not signi cant the presented model could be used for energetic considerations on different models of worm gears, however if a high precision is required an additional correlation of churning losses equation parameters should be performed.
